There is interest in using leukemia-gene panels and next-generation sequencing (NGS) to assess acute myelogenous leukemia (AML) response to induction chemotherapy. Studies have shown that patients with AML in morphologic remission may continue to have clonal hematopoiesis with populations closely related to the founding AML clone and that this confers an increased risk of relapse. However, it remains unknown how induction chemotherapy is influencing the clonal evolution of a patient's non-leukemic hematopoietic population. Here we report that 5 of 15 patients with genetic clearance of their founding AML clone after induction chemotherapy had a concomitant expansion of a hematopoietic population unrelated to the initial AML. These populations frequently harbored somatic mutations in genes recurrently mutated in AML or myelodysplastic syndromes (MDS) and were detectable at very low frequencies at the time of AML diagnosis. These results suggest that non-leukemic hematopoietic stem and progenitor cells (HSPCs), harboring specific aging-acquired mutations, may have a competitive fitness advantage after induction chemotherapy, expand, and persist long after the completion of chemotherapy. Although the clinical importance of these "rising" clones remains to be determined, it will be important to distinguish them from leukemia-related populations when assessing for molecular responses to induction chemotherapy.
ABSTRACT
There is interest in using leukemia-gene panels and next-generation sequencing (NGS) to assess acute myelogenous leukemia (AML) response to induction chemotherapy. Studies have shown that patients with AML in morphologic remission may continue to have clonal hematopoiesis with populations closely related to the founding AML clone and that this confers an increased risk of relapse. However, it remains unknown how induction chemotherapy is influencing the clonal evolution of a patient's non-leukemic hematopoietic population. Here we report that 5 of 15 patients with genetic clearance of their founding AML clone after induction chemotherapy had a concomitant expansion of a hematopoietic population unrelated to the initial AML. These populations frequently harbored somatic mutations in genes recurrently mutated in AML or myelodysplastic syndromes (MDS) and were detectable at very low frequencies at the time of AML diagnosis. These results suggest that non-leukemic hematopoietic stem and progenitor cells (HSPCs), harboring specific aging-acquired mutations, may have a competitive fitness advantage after induction chemotherapy, expand, and persist long after the completion of chemotherapy. Although the clinical importance of these "rising" clones remains to be determined, it will be important to distinguish them from leukemia-related populations when assessing for molecular responses to induction chemotherapy.
INTRODUCTION
Studies have demonstrated that patients with AML achieving morphologic remission after induction chemotherapy often exhibit oligoclonal hematopoiesis. [1] [2] [3] [4] [5] [6] In all but one case report, 4 these clonal populations were closely related to the initial leukemic clone. There is considerable interest in using NGS approaches to assess molecular responses to induction chemotherapy in patients with AML. We recently reported results of a study assessing mutation clearance in 50 patients with AML in morphologic complete remission. 7 Clearance of all leukemia-associated mutations was associated with improved overall and event-free survival.
Here we report on a subset of 15 patients for whom exome sequence data was available for both the diagnostic and a later remission sample. In five patients, we identified the rapid expansion of a hematopoietic population unrelated to the initial AML clone.
METHODS

Patients
AML samples were collected as part of a single-institution banking protocol (WU HSC #201011766). As previously described 7 , the 15 de novo AML patients in this study received an intensive induction chemotherapy regimen, including both cytarabine and an anthracycline, achieving complete morphologic remission with 1 or 2 rounds of chemotherapy (supplemental Table 1 ). Bone marrow samples were obtained at diagnosis, after induction therapy, and for 14 of the 15 cases, at long-term follow-up (83-502 days from chemotherapy initiation).
Sequencing
Enhanced exome sequencing (EES) was performed as previously described. 7 AmpliSeq TM sequencing was used to validate 86 somatic mutations identified by EES (supplemental Table   2 ) as previously described. 7 Variant allele frequencies (VAFs) were compared between samples 
Droplet digital PCR
Droplet digital PCR (ddPCR) was performed as previously described. [8] [9] [10] VAFs > 1% were calculated assuming a Poisson distribution of genomes among droplets.
Isolation of leukemic blasts
Cryopreserved cells were thawed as previously described. 11 The CD34 + leukemic population (CD45 dim /SSC low /CD34 + /7-AAD -) was sorted using a modified Beckman Coulter MoFlo. Genomic DNA was isolated with the QIAmp DNA Micro Kit (Qiagen, Venlo, Netherlands).
RESULTS AND DISCUSSION
We previously reported the genetic analysis of paired diagnostic and remission bone marrow samples from 50 adult patients with de novo AML achieving morphologic complete remission following induction therapy. 7 In the current study, we assessed the effect of intensive chemotherapy on hematopoietic populations unrelated to the leukemic clone. To clearly distinguish non-leukemic clones from persistent leukemia-related populations, we limited our analysis to a subset of 15 cases (supplemental Table 1 ) in which: 1) unbiased (EES) data was available; and 2) the patients achieved molecular remission following induction therapy with all AML-associated mutations at a VAF ≤ 2.5%.
We observed three patterns of hematopoiesis. In 4 cases, we detected no evidence of clonal hematopoiesis after induction therapy with no somatic mutations at a VAF ≥ 2.5% ( Figure   1A ). In 6 cases, one or more mutations identified in the diagnostic AML sample reappeared in the long-term follow-up sample, representing relapse from the AML founding clone or one of its subclones ( Figure 1B) . Interestingly, 5 cases exhibited a novel pattern of hematopoiesis. Figure 1C-1G ), suggesting that a hematopoietic population unrelated to the initial AML (termed a "rising" clone) expanded following chemotherapy. In each case, the rising clone remained detectable at stable (or expanding) levels throughout the observation period (161-544 days). We used AmpliSeq TM sequencing to validate putative mutations identified in the AML clone or rising clones (supplemental Tables 2 and 3) . One or more mutations associated with a rising clone were validated in 5 cases ( Table 1 and supplemental Table 4 ). These variants were enriched for mutations in genes implicated in AML and MDS pathogenesis including TP53 (two cases), TET2, DNMT3A, and ASXL1 (Table 1) . 12, 13 Patients with evidence of a rising clone after induction therapy had similar clinical and hematologic characteristics to patients lacking such evidence (supplemental Figure 1) .
Since rising clones appeared rapidly following induction therapy, we predicted that mutations harbored by them were present in rare cells before therapy. In UPN 334228, EES with AmpliSeq TM sequencing identified the rising clone variant FLG R1589C in the diagnostic sample at a VAF of 0.46%, significantly higher than in control samples (VAF: 0.07±0.04%; P<0.0001). For the other four patients, we designed ddPCR assays against one or more of the mutations present in the rising clones. All were detectable in the diagnostic bone marrow samples at VAFs from 0.007% to 0.75% (Table 1 Oligoclonal hematopoiesis in healthy adults (CHIP) is typically identified in elderly individuals, and the clonal population often remains stable (or expands slowly) over multiple years. [14] [15] [16] In contrast, patients with a rising clone following induction therapy were relatively younger and exhibited a rapid expansion of their clones (30 to 150-fold within 1-2 months of chemotherapy initiation). These observations, along with the specificity of mutations harbored
For personal use only. on September 24, 2017. by guest www.bloodjournal.org From by these clones, suggest that AML cytoreductive chemotherapy confers a strong competitive advantage to HSPCs harboring specific 'fitness' mutations. This is consistent with previous reports that cytotoxic therapy provides a strong selection pressure on both leukemic and nonleukemic hematopoietic populations. 10, [17] [18] [19] Whether the resulting oligoclonal hematopoiesis reflects a contraction of the normal HSPC pool, an active and selective expansion of the rising clone, or a combination of both remains unclear.
Two of the five patients with rising clones relapsed. EES was performed on both patients' relapsed bone marrow samples. In UPN 192545 (54% blasts), the majority of the original leukemia-associated mutations were re-identified at VAFs from 16-21% with three subclonal mutations no longer detectable ( Figure 1F and supplemental Table 5 ). Interestingly, the two rising clone mutations in this patient (ZNF318 R1195* and TET2 Q1828*) persisted at VAFs of 20.9% and 5.9% respectively (Figures 1F, 1H) . After salvage therapy, UPN 192545 reachieved morphologic remission, with the rising clone harboring ZNF318 R1195* further expanding, eventually comprising the majority (~76%) of hematopoietic cells (Figures 1F, 1H ).
In UPN 746628 (9% blasts), both rising clone and some leukemia-associated variants were present at low levels, making it difficult to determine the origin of the AML relapse ( Figure   1G and supplemental Table 5 ). We sorted leukemic cells (CD45 dim /SSC low /CD34 + ; Figure 1I ) from cryopreserved peripheral blood cells banked at relapse and assessed for the rising variant TP53 e4-1 with ddPCR. The VAF for TP53 e4-1 was only 0.2% (Figure 1J) , indicating that the relapsed AML did not originate from the rising clone, but more likely from the founding AML clone.
Since both relapses evolved from the initial AML clone and not from rising clones, the clinical consequences of oligoclonal hematopoiesis arising from non-leukemic HSPCs following induction chemotherapy are unclear. Interestingly, studies have reported cases of AML relapsing with a karyotype incompatible with the AML present at diagnosis, suggesting that, in some cases, relapsed AML may arise from a hematopoietic cell unrelated to the initial AML. [20] [21] [22] [23] [24] For
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Given the sensitivity limitations of NGS and the difficulty in distinguishing rising clones from coexisting persistent leukemia-related populations, this study likely underestimates the genetic complexity of patients with AML after induction therapy. Additional patients and longer follow-up are needed to define the extent and prognostic implications of non-leukemic clonal expansion following AML therapy. It will also be important to distinguish rising clones from persistence of leukemia-related populations when assessing molecular responses to induction chemotherapy. 
